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Step-by-step build-up of covalent poly(ethylene
oxide) nanogel ﬁlms†
S. Zahouani, a,b L. Hurman,a M. De Giorgi,c C. Vigier-Carrière,d F. Boulmedais, d
B. Senger,a,b B. Frisch,c P. Schaaf, *a,b,d P. Lavalle *a,b and L. Jierryd
Hydrogels based on poly(ethylene glycol) (PEG) are commonly used for studies related to cell fate and
tissue engineering. Here we present a new covalent layer-by-layer build-up process leading to PEG coat-
ings of nanometer size called “nanogel ﬁlms”. Compared to macroscopic hydrogels, such nanogels
should provide a ﬁne control over the structure and the thickness of the coating. Alternated deposition of
bifunctional and tetra functional PEG molecules reacting through thiol/maleimide click chemistry is evalu-
ated by quartz crystal microbalance. We ﬁrst study parameters inﬂuencing the build-up process of such
coatings and demonstrate the importance of (i) the nature of the ﬁrst deposited layer, (ii) the PEG concen-
trations and (iii) the length of the PEG chains that appears to be the most signiﬁcant parameter inﬂuencing
ﬁlm growth. The build-up process can be extended to a large variety of substrates like SiO2 or polymers
by using an appropriate anchoring layer. Covalent functionalization of these nanogel ﬁlms by proteins or
enzymes is suited by modifying the biomolecules with thiol or maleimide groups and immobilizing them
during the build-up process. Activity of the embedded enzymes can be maintained. Moreover ligands like
biotin can be incorporated into the ﬁlm and recognition by streptavidin can be modulated by playing with
the number of PEG layers covering biotin. Compared to well-known PEG hydrogels, these new coatings
are promising as they allow to (i) build thin nanometric coatings, (ii) ﬁnely control the amount of deposited
PEG and (iii) organize the position of the embedded biomolecules inside the ﬁlm layers.
Introduction
Polyelectrolyte multilayers constitute a model system of poly-
meric films built by a step-by-step process. They are obtained
by the alternate deposition of polyanions and polycations on
solid substrates. The build-up process appears to be extremely
versatile and can be used with almost any kind of polyanion/
polycation pair on almost any kind of substrate. The “motor”
of the build-up process appears to be the charge overcompen-
sation after each polyelectrolyte deposition step. Therefore, a
polycation in contact with a negatively charged substrate will
be adsorbed due to electrostatic interactions and at the end of
the deposition process the substrate will become positively
charged. This then allows the deposition of a new polyanion
“layer”. Polyelectrolyte multilayers have been used for a large
variety of applications.1–10 The step-by-step technique has also
been extended to other types of interactions besides electro-
static interactions between the two interacting polymers:
polymer multilayers whose cohesion is based on hydrogen
bonding were for example reported.11 In order to render
multilayers mechanically more robust, multilayers based on
covalent bonds between the diﬀerent polymers were devel-
oped. Covalent bonds were obtained in two steps by first build-
ing up multilayers based on non-covalent bonds (electrostatic,
hydrogen bonding…) and then later cross-linking them.12,13
A second process consists in anchoring each polymer layer
directly through covalent bonds onto the previously deposited
one by means of specific chemical reactions occurring during
the deposition step. This later build-up strategy is known in
the literature as “covalent layer-by-layer assembly”.14 A large
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variety of coupling reactions were used for this purpose:
Cu-catalyzed azide–alkyne [3 + 2] cycloaddition,15,16 amide,17
ester,18 azlactone19 or oxime20 bond formation through electro-
philic functional groups and carbonyl derivatives, bond for-
mation by aromatic substitution chemistry.21 All these reac-
tions used in this context as well as the advantages of covalent
layer-by-layer deposition processes were reviewed in 2009 by
Bergbreiter and Liao.22
When compared to the polyelectrolyte multilayer build-up
process based on electrostatic interactions, the covalent layer-
by-layer assembly presents marked diﬀerences. Whereas the
electrostatic interactions can take place all along the polyelec-
trolyte chains and should extend over distances of the order of
the Debye length (typically 0.5 to 1 nm, depending upon the
ionic strength) covalent bond formation requires close proxi-
mity of the two interacting groups and is thus much more
restricted along the polymeric chains. Once formed, electro-
static interactions allow for a constant rearrangement of the
polyelectrolyte chains in the film (even if this rearrangement is
only local) whereas covalent bonds are usually irreversible. On
the other hand, only few interactions per chain should be
suﬃcient to allow for a covalent film build-up whereas numer-
ous electrostatic interactions are required for the film only
based on electrostatic interactions. The general laws governing
the build-up of polyelectrolyte multilayers have been estab-
lished (linear vs. exponential growth,23 eﬀect of the ionic
strength on the build-up process24…) and to our knowledge no
studies establishing some rules governing covalent layer-by-
layer assembly have been reported so far.
Several films based on poly(ethylene oxide) (or poly(ethyl-
ene glycol), PEG) were already reported. Elbert and coworkers
reported the fabrication of such films by the preparation of
nanogels in solution under the form of PEG nanoparticles.
They used Cu(I)-catalyzed click chemistry for this purpose.
These particles were later covalently attached to a substrate
leading to a nanometric PEG film.25 Chollet et al. used
mixtures of ene-functionalized poly(-(N-isopropylacrylamide))
chains and dithioerythritol deposited on surfaces and sub-
sequent heat or/and UV activation of the thiol–ene reaction to
reticulate the film. This method could be used either in a one
step process by spin-coating the mixture to form a single layer
or in a step-by-step process to create multilayer films.26
Here we report a study investigating the covalent layer-by-
layer assembly of a new type of thin films by alternate depo-
sition of bifunctional poly(ethylene glycol) (PEG) chains and
4-arm-PEG chains through thiol and maleimide click chem-
istry. The layer-by-layer deposition of such covalent PEG chains
can be advantageous compared to polyelectrolyte multilayers
as it concerns non-charged molecule assemblies through
covalent bindings and the nature of molecules is very diﬀerent
from polyelectrolyte chains. Moreover for future applications,
PEG films are interesting candidates as PEG hydrogels are
well-known for their biocompatibility and they show some
remarkable antifouling properties.
The molecules used for the build-up are schematically
depicted in Table 1. These films can be called “nanogel films”
as they correspond to nanometric films built through a layer-
by-layer process based on components usually used to build
thick hydrogels. The association of these molecules onto the
surface to build a homogenous nanogel is by far not obvious.
Indeed, whereas in the case of the alternation of polyanions
and polycations, after each deposition step a charge overcom-
pensation is at the origin of the multilayer build-up, in the case
of covalent interactions, and in particular for the alternation of
molecules bearing only few interacting groups, such an “over-
compensation” after each deposition step is not obvious. Our
goal here is to investigate the influence of some parameters
governing the build-up of such nanogel films and also to inves-
tigate the possibility to functionalize them with biomolecules.
Experimental
Materials
Poly(ethylene glycol)s (PEG)s. Hexa(ethylene glycol) dithiol
(Mw = 314.46 g mol
−1) was purchased from Sigma Aldrich
(Saint Quentin Fallavier, France). 4-Arm-PEG-SH (Mw =
20 000 g mol−1) and 4-arm-PEG-Mal (Mw = 10 000 g mol
−1)
were obtained from Seebio Biotech, Inc. (Shanghaï, China).
SH-PEG-SH (Mw = 2000 g mol
−1), Mal-PEG-Mal (Mw = 2000
g mol−1) MeO-PEG-NH2 (Mw = 2000 g mol
−1) and Mal-
PEG-NHS (Mw = 3000 g mol
−1) were bought from Iris Biotech
GmbH (Marktredwitz, Germany).
Proteins. Streptavidin from Streptomyces avidinii was pur-
chased from TCI Chemicals (Eschborn, Germany). Bovine
Serum Albumin (BSA, fraction V), β-Galactosidase (β-Gal) from
Escherichia coli, fluorescein di(β-D-galactopyranoside) (FDG)
and Fluorescein Isothiocyanate (FITC) were obtained from
Sigma Aldrich (Saint Quentin Fallavier, France).
Buﬀer. Tris(hydroxymethyl)aminomethane (TRIS) and ethyle-
nedi-aminetetraacetic acid (EDTA) were obtained from Sigma
Aldrich (Saint Quentin Fallavier, France). Sodium chloride
(NaCl) and HEPES Puﬀeran >99.5% were purchased from VWR
Chemicals (Fontenay-sous-Bois, France) and Roth (Lagny-sur-
Marne, France) respectively.
Reagents. 2-Iminothiolane hydrochloride (Traut’s reagent)
and 5,5′-dithiobis-(2-nitrobenzoic acid) (Ellman’s reagent) were
purchased from Sigma Aldrich (Saint Quentin Fallavier,
France).
Grafting of maleimide functions on β-Galactosidase from
Escherichia coli (β-Gal-EO58-Mal). 10 mg of β-Galactosidase
from Escherichia coli were dissolved in 0.1 M sodium phos-
phate, 0.15 M NaCl, pH 7.2 at a concentration of 10 mg mL−1.
6.6 mg of Mal-PEG-NHS (Mw = 3000 g mol
−1, ∼58 ethylene
glycol monomers) as cross-linkers and spacers providing the
desired functionalization were added to this solution. The
solution was kept to react under gentle mixing for 12 h at 4 °C.
The modified enzyme was purified by gel filtration using a
molecular weight exclusion of 50 000 Da (Sephadex G50) and
0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2 as buﬀer.
The concentration of soluble enzymes was determined by
the bicinchoninic acid (BCA) method by incubation at 37 °C
Paper Nanoscale
18380 | Nanoscale, 2017, 9, 18379–18391 This journal is © The Royal Society of Chemistry 2017
Pu
bl
ish
ed
 o
n 
10
 N
ov
em
be
r 2
01
7.
 D
ow
nl
oa
de
d 
by
 IN
IS
T 
- C
N
RS
 o
n 
1/
16
/2
02
0 
1:
12
:5
0 
PM
. 
View Article Online
for 30 min. A calibration curve using Bovine Serum Albumin
(BSA) as standard was established by incubating 50 μL aliquots
of appropriate dilutions (concentrations between 0.005 and
0.2 mg mL−1) with 150 μL of BCA working reagent for 30 min
at 37 °C. The absorbance of the solutions was measured at
562 nm against the reagent blank.
The rate of maleimide groups grafted on the enzyme was
determined by a maleimide assay. The maleimide assay is
based on the modified Ellman reaction with two steps of reac-
tion. In a first step, the sample containing the maleimide
group reacts with an excess of DTT (dithiothreitol). By adding
DTNB, the residual DTT transforms the DTNB into NTB2− and
the signal is detected by spectrometry by measuring the absor-
bance of visible light at 412 nm. Using an extinction coeﬃcient
of 13 600 M−1 cm−1, the concentration of maleimide groups is
calculated using the equation below:
½Mal ¼ OD ðDTTwithoutMalÞ  OD ðDTTwithMalÞ
13 600
: ð1Þ
The reaction was carried out in a total volume of 1 mL. The
sample was diluted in 0.2 M sodium phosphate buﬀer, 1 mM
EDTA, pH 7.4 to a volume of 950 μL. 40 μL of 1 mM DTT were
added and then the mixture was left to incubate for about
15 minutes at room temperature. Then, 27 μL of 2 mM DTNB
were added to this mixture. After 5 minutes of incubation,
the absorbance at 412 nm was measured with a spectrometer
UVmc2 (SAFAS, Monaco) using 973 μL of buﬀer with 27 μL of
DTNB at 2 mM as reference. In parallel, a positive control was
prepared by carrying out the same mixture in the absence of
sample. All the measurements were made in duplicate.
Grafting of thiols groups on BSA (BSA-SH). 1 g of bovine
serum albumine fraction V was dissolved in 50 mM HEPES
buﬀer EDTA 5 mM pH 8 at a concentration of 20 mg mL−1.
80 mg of 2-Iminothiolane hydrochloride (Traut’s reagent) were
added two times successively to this solution, thus providing
the desired functionalization. The solution was kept to react
with gentle mixing for 3 h at room temperature. The modified
protein was purified by dialysis through a membrane with a
Table 1 Molecules used for the build-up of the nanogels
Product name Formula
Molecular weight
(g mol−1)
Radius of
gyration (nm) Abbreviation
Hexa(ethylene glycol) dithiol 314.46 0.74a Bis5-SH
Alpha, omega-bis-mercapto
poly(ethylene glycol)
2000 1.8a Bis43-SH
4-Arm-PEG-SH 20 000 4.6b Tetra112-SH
4-Arm-PEG-Mal 10 000 3.3b Tetra52-Mal
a The values are estimated on the basis of ref. 27. b The values are calculated from expression RG
2 = (3 − 2/p) RGL2, where RG represents the radius
of gyration of the p-armed star-polymer and RGL represents the radius of gyration of one arm;
27 in our case p = 4 and the numerical values of RGL
are obtained by interpolation between experimental values obtained for linear polymers,28 using RGL ≈ 0.0416Mw0.5 with Mw the molecular
weight of the polymer.
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molecular weight cut-oﬀ of 14 000 against 18 MΩ milliQ-water
(5 cycles) and freeze-dried. Sulfhydryl groups were quantified
using Ellman’s reagent (5,5′-dithiobis-(2-nitrobenzoic acid))
and the protein titration was realized using the BCA assay.
Chemical modification of BSA-SH with fluorescein isothio-
cyanate (BSA-SHFITC). 7 mg of BSA-SH were dissolved in 14 mL
of 100 mM NaHCO3 buﬀer at pH 8.5 followed by the addition
of 1 mL of a solution of fluorescein isothiocyanate (FITC) dis-
solved in methanol at 2.3 × 10−4 M. The reaction mixture was
stirred for 3 hours at room temperature and dialyzed with a
cellulose membrane (Slide-A-Lyzer G2 Dialysis Cassette,
MWCO 3500) against a 2 L solution of NaCl 0.3 M overnight
and then against 2 L of MilliQ water during 24 h. The dialysis
against water was repeated until the measured fluorescence in
water reached a negligible value.
Methods
Preparation of the solutions. PEGs were dissolved in a buﬀer
solution (NaCl 0.15 M/TRIS 10 mM, pH 7.4) at concentrations
ranging from 0.5 to 10 mg mL−1. Streptavidin from
Streptomyces avidinii and β-Galactosidase from Escherichia coli
were dissolved in a buﬀer solution (NaCl 0.15 M/TRIS 10 mM,
pH 7.4) at a concentration of 0.3 mg mL−1.
Quartz crystal microbalance
The measurements were performed using the dissipation
enhanced QCM-D (Quartz Crystal Microbalance) system from
Q-Sense (Gothenburg, Sweden). The QCM-D technique has
been extensively described in details and will only briefly be
summarized. It consists of measuring the changes in the reso-
nance frequency f of a crystal when material is adsorbed from
solution. The crystal is excited at its fundamental frequency
(about 5 MHz), and observation takes place at the third, fifth
and seventh overtones (corresponding to 15, 25 and 35 MHz,
respectively). When a thin rigid film of mass Δm is attached to
the electrodes, the resulting decrease in frequency Δfν is
related to Δm according to the Sauerbrey equation:29
Δm ¼ CΔf ν=ν ð2Þ
where ν is the overtone number and C the mass sensitivity con-
stant which depends on the properties of the crystal used. This
equation holds for measurement in air. In solution, the
density, the viscosity of the liquid and the viscoelastic pro-
perties of the film can influence the frequency shift Δfν.
However, a decrease in the resonance frequency is usually
associated, in a first approximation, to an increase of the mass
coupled to the quartz and our discussion will remain essen-
tially on a qualitative level.
Gold coated crystals (QSX 301, Q-Sense), SiO2 coated quartz
crystals (QSX303, Q-Sense) and PDMS coated crystals (prepared
as described in ref. 30) were used. Before use, a cleaning
process was applied by submitting the crystals to UV-ozone
during 20 minutes followed by a rinse with water. Injections of
600 µL at 50 µL min−1 of solutions containing PEGs or pro-
teins were alternated with rinsing steps with 250 µL buﬀer
solution (NaCl 0.15 M/TRIS 10 mM, pH 7.4) at 100 µL min−1.
Temperature was stabilized at 21 ± 0.05 °C during all the
experiments.
Atomic force microscopy
Atomic force microscopy (AFM) was carried out with a
Nanoscope V Multimode 8HR (Bruker, USA). All samples were
observed in the liquid state thanks to soft silicon nitride cantile-
vers with silicon nitride triangular tips (Model MLCT, Bruker,
USA) having a spring constant of 0.01 N m−1. Micrographs were
recorded in the contact mode and selected images (2.5 μm ×
2.5 μm and 16 × 16 µm) were treated with the Nanoscope
9.2 software (Bruker corp., Santa Barbara, CA, USA).
Confocal laser scanning microscopy
Observations were carried out with a Zeiss LSM 710 microscope
(Heidelberg, Germany) using a 20× objective (Zeiss, Plan
Apochromat). Before performing the measurements,
BSA-SH-FITC was deposited in the nanogels following a
similar procedure as for QCM experiments. FITC fluorescence
was detected after excitation at λ = 488 nm with an argon laser
and a cut-oﬀ dichroic mirror of 488 nm and an emission band
pass filter of 505–530 nm (green emission). The mobility of
BSA-SH molecules within the films was qualitatively deter-
mined by photobleaching experiments (FRAP, Fluorescence
Recovery After Photobleaching).31 A circular region of interest
(10.6 µm in radius) in the image (256 × 256 pixels, 84.9 µm ×
84.9 µm) was bleached with the laser set at its maximum
power. Then, the recovery of the fluorescence in the bleached
area was observed at diﬀerent post-bleach times ranging from
0.7 s up to 350 s. The images were analyzed by means with the
“Image J” software.32
Spectrofluorimetry
Catalytic activity of β-Galactosidase embedded in the films was
assessed using a Genius XC spectrofluorimeter (SAFAS, Monaco).
The coated crystals were deposited in a homemade black plate
and immersed in 500 µL of a FDG solution (0.5 mg mL−1 in
NaCl 0.15 M/TRIS 10 mM, pH 7.4). The fluorescence was
recorded (every 20 s) during about 3 hours as a function of
time at 25 °C using the following wavelength parameters: λexc/
λem = 495 nm/519 nm and a value of photo-multiplier of 900.
Results and discussion
Before investigating the step-by-step build-up of the nanogels,
we checked if mixing our molecules in solution at a given con-
centration could lead to gel formation in a preliminary study.
Poly(ethylene glycol) chains bearing maleimide and thiol term-
inal functions were shown to form covalently cross-linked
hydrogels. In a previous study, Yu et al. have mixed Tetra52-Mal
and Tetra112-SH in various weight ratios to synthetize PEG
hydrogels for ocular drug delivery.33 Here similar molecules
have been used and when mixing both 4-armed chains at con-
centrations higher than 10 mg mL−1 of each component, a gel
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was formed. Below this concentration, the mixture was either
viscous ([Tetra52-Mal] = [Tetra112-SH] ≥ 8 mg mL−1) or liquid
([Tetra52-Mal] = [Tetra112-SH] < 8 mg mL
−1) but no gel was
obtained. We also found that it is possible to form hydrogels by
mixing tetra-functional maleimide PEG molecules with bi-
functional thiol PEGs: for example Tetra52-Mal and Bis43-SH can
form a gel when introduced at 100 mg mL−1 and 25 mg mL−1
respectively.
Parameters influencing the step-by-step build-up process
Diﬀerent parameters influencing the film build-up will be
studied in the following parts: the composition of the anchor-
ing layer, the length of the Bis-PEG chains used to build the
nanogel and the nature of the initial substrate (ESI, Table S1†).
Tetra112-SH/Tetra52-Mal step-by-step assembled nanogels on
a gold substrate: influence of the anchoring layer. We started
to investigate the possibility of building nanogels by alternat-
ing Tetra112-SH and Tetra52-Mal directly on a gold substrate
(Scheme 1A).
We used equal mass concentrations for both polymer solu-
tions (in mg mL−1). The build-up process was followed by
QCM-D. The concentrations were varied from 1 mg mL−1 up to
6.5 mg mL−1 (corresponding to 10−4 M up to 6.5 × 10−4 M for
Tetra52-Mal and from 5 × 10
–5 M up to 3 × 10–4 M for Tetra112-
SH). During each deposition step the substrate was brought in
contact with the polymer solution for 12 minutes followed by
2 minutes of rinsing with pure water. A typical evolution of the
normalized frequency Δfν/ν corresponding to the third over-
tone (ν = 3) is given on Fig. 1A for a concentration of Tetra52-
Mal and Tetra112-SH of 5 mg mL
−1. Injection of Tetra112-SH
was selected as the first deposition step as we expected inter-
action between thiol groups of these molecules and gold
surface. A shift of −50 Hz observed after a few minutes of
contact of the Tetra112-SH solution with the substrate indicates
solution that Tetra112-SH was deposited on the surface. After
12 minutes of deposition a plateau was reached. The surface
was probably saturated so that no further Tetra112-SH mole-
cules could adsorb on the gold surface even during sub-
sequent deposition steps. The deposition of the first Tetra112-
SH layer always led to a frequency decrease of about 50 to 65
Hz of the third overtone whatever the polymer concentration
(Fig. 1B). This indicates that within the explored concentration
range, the Tetra112-SH deposition on a gold surface is fairly
independent upon its concentration in solution.
Rinsing this surface with H2O did not change significantly
the QCM-D signal indicating that all the Tetra112-SH molecules
Scheme 1 Diﬀerent build-up processes of the nanogel ﬁlms using
Tetra-SH, Tetra-Mal and Bis-SH PEG macromolecules.
Fig. 1 Evolution of the normalized frequency Δfν/ν (for ν = 3) as a func-
tion of time with Tetra112-SH and Tetra52-Mal at 5 mg mL
−1 (A). Evolution
of the normalized frequency Δfν/ν (for ν = 3) as a function of injection
step with Tetra112-SH and Tetra52-Mal at diﬀerent concentrations (1, 3.5,
5, 6.5 mg mL−1) (B). All experiments were performed on a gold substrate.
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were strongly anchored onto the surface through thiol/gold
interactions. Next we brought this surface in contact with a
Tetra52-Mal solution. Whatever the polymer concentration, a
decrease of the normalized frequency lying between 5 and
8 Hz for the third overtone was always observed indicating the
deposition of Tetra52-Mal. During the following rinsing step,
half of this increment was however lost probably due to some
desorption of the weakly adhesive Tetra52-Mal. This proves
that, whatever the Tetra112-SH concentration used to build the
first deposited layer, there remained some free thiol groups
from these adsorbed polymers that did not interact with the
gold substrate and which were available for reacting with male-
imide groups of the Tetra52-Mal. However, the frequency shift
relative to the deposition of Tetra52-Mal molecules is small
compared to that of the deposition of the first Tetra112-SH
layer. This can originate from the weak density of thiol groups
that remained available for reaction with maleimide groups.
The injection of the second Tetra112-SH solution on the
Tetra112-SH/Tetra52-Mal bilayer shows a small frequency shift
compared to the signal relative to the deposition of the initial
Tetra112-SH layer on gold. The step-by-step film build-up was
then pursued. For the highest investigated concentration
(6.5 mg mL−1), this build-up took place over at least 11 depo-
sition steps (i.e. fifth deposition of Tetra112-SH) before finally
stopping. For lower polymer concentrations the build-up
process stopped earlier. From these experiments we demon-
strate that a covalent step-by-step film build-up is possible by
alternating Tetra112-SH and Tetra52-Mal molecules but only
over a small number of deposition steps.
In order to circumvent this problem, Tetra112-SH polymers
used in the first deposited layer was replaced by Bis5-SH
(Scheme 1B) with the idea to form a layer of shorter chains
bearing SH groups and that mimic a self-assembled mono-
layer. Contact of the substrate with a Bis5-SH solution (concen-
tration of 3.25 mg mL−1) led to a decrease of the frequency of
the third overtone of 8 Hz after rinsing (Fig. 2A). The
Sauerbrey approximation was used to estimate the density of
molecules on the surface corresponding roughly to 100 ng
cm−2 or 2 molecules per nm2, a value which is of the same
order of magnitude as that observed in self-assembled mono-
layers.34 One can point out that the Sauerbrey approximation
should be rather valid in this case since the normalized
frequency shifts for the diﬀerent overtones, Δfν/ν, are fairly
independent of the overtone (Fig. S1†).29,35,36 Interestingly, the
first Tetra52-Mal deposition on top of the Bis5-SH precursor
layer led to a much higher frequency decrease than when de-
posited on the Tetra112-SH precursor layer (25 Hz versus 4 Hz
respectively) (Fig. S2†). This clearly indicates that the density
of thiol groups on the gold surface available to react with male-
imide groups was much higher in the case of a Bis5-SH than in
the case of the Tetra112-SH precursor layer.
The influence of the concentration of the Tetra52-Mal and
Tetra112-SH polymer solutions on the step-by-step growth of
the nanogel films has been studied using the Bis5-SH mono-
layer as a precursor layer (Fig. 2B). For a concentration of
5 mg mL−1, 12 minutes of Tetra52-Mal deposition resulted in a fre-
quency decrease of 25 Hz for the third overtone. Then, rinsing
with water resulted only in a small frequency increase indicat-
ing that most of the Tetra52-Mal chains were strongly anchored
onto the precursor layer. After the first 2–3 deposition steps,
for high polymer concentrations, the evolution of the build-up
was similar on both precursor layers, Tetra112-SH or Bis5-SH
(Fig. S3†). In particular, for a concentration of 5 mg mL−1 both
build-up processes stopped after the deposition of 8 bilayers.
These experiments prove that the end of the growth after 8
bilayers observed when we deposited Tetra112-SH directly on
the gold substrate cannot be only attributed to the small
number of thiol groups in the first deposited layer that were
available for reacting with maleimide groups. One possible
reason for this stopping might be that, as the step-by-step
deposition progressed, steric hindrance increased and reduced
Fig. 2 Evolution of the normalized frequency Δfν/ν (for ν = 3) as a func-
tion of time with Bis5-SH as a precursor layer and Tetra52-Mal and
Tetra112-SH at 5 mg mL
−1 for the following layers (A). Evolution of the
normalized frequency Δfν/ν (for ν = 3) as a function of injection step
with Bis5-SH as a precursor layer and Tetra112-SH and Tetra52-Mal at
diﬀerent concentrations (1, 5 and 8 mg mL−1) for the following layers (B).
All experiments were performed with gold as initial substrate.
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the availability of reactive groups for pairing the complementary
groups of the four arm polymers in solution. In order to circum-
vent this diﬃculty another build-up process was tested by alter-
nating a bi-functional thiol PEG (linear chains with a reactive
group at each end) with a tetra-functional PEG not only for the
precursor layers but also all along the build-up process.
Bis-SH of various length/Tetra52-Mal step-by-step assembled
nanogels
Bis5-SH alternating with Tetra52-Mal. We first alternated the
deposition of Bis5-SH and Tetra52-Mal molecules. Fig. 3 shows
the evolution of the frequency shift of the 3rd overtone over 52
deposition steps (26 layers of Bis5-SH alternating with 26 layers
of Tetra52-Mal molecules), the concentrations of the polymer
solutions being respectively 8 × 10−4 M (8 mg mL−1) for
Tetra52-Mal and 10
–2 M (3.25 mg mL−1) for Bis5-SH. One
clearly observes a linear and continuous step-by-step build-up
over the entire process and no sign of stopping in the film
growth was monitored as it was observed for the previous
systems.
This proves that even after 52 deposition steps, the func-
tional groups present at the end of the PEG arms remained
accessible for reacting with their complementary groups. The
reason for the continuous build-up behavior of this system
when compared to the previous one where the growth process
stopped might be as follows: in the previous one we alternated
Tetra52-Mal with Tetra112-SH. Here we present the alternation
of Tetra52-Mal with Bis5-SH. This later molecule being much
smaller than Tetra112-SH molecules with its four arms, it could
probably interact more easily with the Tetra52-Mal molecules
previously deposited. The probability for two complementary
reactive groups to meet was thus certainly much larger in the
case of Tetra52-Mal/Bis5-SH than in the case of Tetra52-Mal/
Tetra112-SH.
Next we investigated the eﬀect of the concentrations of the
polymer solutions on the build-up process. We first varied the
concentration of Bis5-SH and maintained the Tetra52-Mal con-
centration equal to 8 × 10−4 M (Fig. 4A). In a second step the
concentration of Tetra52-Mal was varied and the concentration
of Bis5-SH was kept constant at 10
−2 M (Fig. 4B).
The polymer concentrations of both Bis5-SH and Tetra52-
Mal have a strong influence on the growth. When keeping the
concentration of the Tetra52-Mal constant, even at concen-
trations of Bis5-SH as low as 10
−4 M, the build-up process took
place, yet at a very slow rate (of the order of 1 Hz per layer).
There remained probably suﬃcient thiol groups available on
the surface after each deposition step for anchoring new
Tetra52-Mal molecules. For Tetra52-Mal concentrations higher
than 5 × 10−5 M the frequency shift decreases continuously at
least over the first 5 “bilayer” deposition steps indicating a con-
tinuous gradual film build-up. At high concentrations of either
Fig. 3 Evolution of the normalized frequency Δfν/ν (for ν = 3) as a func-
tion of injection step for a Bis5-SH/Tetra52-Mal step-by-step build-up
(with Bis5-SH solution at 3.25 mg mL
−1 and Tetra52-Mal at 8 mg mL
−1).
The build-up processes on gold substrates started with a precursor layer
of Bis5-SH.
Fig. 4 Evolution of the normalized frequency Δfν/ν (for ν = 3) as a func-
tion of injection step for a Bis5-SH/Tetra52-Mal step-by-step build-up.
Concentration of Bis5-SH was varied from 10
−4 M to 5 × 10−2 M
(0.0325 mg mL−1 to 16.25 mg mL−1) and concentration of Tetra52-Mal
was maintained constant at 8 × 10−4 M (8 mg mL−1) (A). Concentration
of Bis5-SH was maintained constant at 10
−2 M (3.25 mg mL−1) and con-
centration of Tetra52-Mal was varied from 10
−5 M to 2 × 10−3 M (0.1 to
20 mg mL−1) (B).
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Tetra52-Mal (8 × 10
−4 M and 2 × 10−3 M) or Bis5-SH (10
−2 M
and 5 × 10−2 M) only the amplitude of the first deposition
steps depends on the polymer concentration: the growth
regime is almost linear with a slope of −4.6 ± 0.9 Hz per layer
in Fig. 4A and −5.0 ± 0.9 Hz per layer in Fig. 4B. This indicates
that the build-up process became independent of the polymer
concentration at high concentrations. By monitoring the dissi-
pation plots corresponding to these experiments, we observed
that the dissipation usually increased during the Tetra52-Mal
deposition step and decreased during the Bis5-SH deposition
step (Fig. S4†). This may be explained by the fact that during
the Tetra52-Mal deposition step some of the Tetra52-Mal poly-
mers were anchored onto the surface by only one or two arms.
Such long chains were thus expected to be highly dissipative
when sheared on the QCM crystal. When this film was brought
in contact with Bis5-SH chains, these short molecules reacted
with the maleimide groups of Tetra52-Mal chains anchored on
the film and they acted as a cross-linker for the nanogel. Thus,
each Bis5-SH deposition step rigidified the film which became
less dissipative.
Bis43-SH alternating with Tetra52-Mal. We investigated if such
a build-up process could also take place with larger Bis-SH
chains. We alternated Bis43-SH (10
−2 M) molecules and
Tetra52-Mal (8 × 10
−4 M) molecules and compared the build-up
with that of the Bis5-SH/Tetra52-Mal system from polymer solu-
tions of similar molar concentrations (Fig. 5).
We notice that after a large initial frequency shift of −50 Hz
for the deposition of the first Bis43-SH layer on the gold sub-
strate, the evolution of the frequency shift with the number of
deposition steps is linear with an increment in the frequency
change per layer almost similar to that corresponding to the
Bis5-SH/Tetra52-Mal case (mean value of about 4 Hz per layer).
However we would have expected that the frequency shift
evolved more rapidly with the larger Bis43-SH chains compared
to Bis5-SH and/or that the build-up process stopped rapidly
due to steric hindrance. None of these expectations occurred,
probably due to the fact that the larger Bis43-SH chains
reduced the probability of the thiol groups to meet the male-
imide ones and thus reduced their reactivity in a given period
of time. On the other hand this reactivity decrease could have
been compensated by the mass increase per new anchored
Bis43-SH chain compared to the Bis5-SH chains. Thus, there
must have been two compensating eﬀects resulting in an acci-
dental parallel behavior between the Bis43-SH/Tetra52-Mal and
Bis5-SH/Tetra52-Mal cases.
Nanogel build-up on various substrates. Up to now, the
nanogels were deposited on gold substrates with a precursor
layer adsorbed through thiol/gold interactions. With the idea
to check the robustness of the build-up process of the nanogel
with respect to substrate, we varied the nature of the substrate.
These experiments were performed with build-up conditions
that corresponded to high polymer concentrations, namely
10−2 M for Bis5-SH and 8 × 10
−4 M for Tetra52-Mal. To render
our build-up process applicable to almost any kind of sub-
strate and because most of the substrates are negatively
charged, we first pre-adsorbed polycations bearing amine
groups onto the substrate (Scheme 2A). Two polycations were
used: poly(L-lysine) (PLL, Mw = 52 000 g mol
−1) and branched
poly(ethylene imine) (PEI, Mw = 750 000 g mol
−1). These poly-
cations were deposited on a gold substrate. PEI as anchoring
layer was also tested on SiO2 and on a silicone substrate. In
this later case a thin silicone film was spin-coated on a QCM
crystal in order to be able to follow the buildup process by
QCM. After adsorption, the polycation layer was brought in
Fig. 5 Evolution of the normalized frequency Δfν/ν (for ν = 3) as a func-
tion of injection step for a Bis43-SH/Tetra52-Mal step-by-step build-up
and comparison with Bis5-SH/Tetra52-Mal step-by-step build-up. Molar
concentrations of polymer solutions of Bis5-SH and Bis43-SH are similar
(10−2 M). Polymer solution of Tetra52-Mal corresponds to a molar con-
centration of 8 × 10−4 M (8 mg mL−1).
Scheme 2 Step-by-step deposition of nanogel ﬁlms on diﬀerent types
of substrates. Polycations as PLL or PEI were ﬁrst deposited on the crys-
tals to then react with NHS-PEG-Mal before the alternation of Bis5-SH
with Tetra52-Mal.(A); the anchoring layer was based ﬁrst on the depo-
sition of SH-PEG-NH2 and then on the grafting of NHS-PEG-Mal before
to alternate step-by-step Bis5-SH with Tetra52-Mal.(B).
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contact with a solution of Mal-PEG-NHS (maleimide-PEG-N-
hydroxysuccinimide, Mw = 3000 g mol
−1 with PEG corres-
ponding to 68 ethylene oxide monomers) to allow a quick reac-
tion of the NHS functions with the amine groups of the
adsorbed polycations to form an amide bond (Scheme 2A).
We also started the build-up process by depositing
SH-PEG43-NH2 (Mw = 2000 g mol
−1) on a gold substrate as first
layer (Scheme 2B). This layer was then brought in contact with
a solution of Mal-PEG-NHS (Mw = 3000 g mol
−1) to form an
amide bond by reaction between NHS and NH2 functions.
After these deposition steps, the substrate carried male-
imide groups allowing to start the build-up process. Fig. 6
shows the evolutions of the normalized frequency for the
diﬀerent investigated systems. One observes that after 2–3
“bilayer” deposition steps, a regime is reached where the
frequency shift varies, in first approximation, linearly with the
number of deposition steps for all the investigated systems.
The evolutions are parallel one to each other which indicates
that, besides from the first few deposited bilayers, the follow-
ing deposition processes are fairly similar and independent on
the substrate and the precursor layer.
We will now focus on the morphological characterization of
the Bis43-SH/Tetra52-Mal and then evaluate the ability of these
nanogels to be functionalized with biomolecules.
QCM-D allows following the build-up process in a semi-
quantitative way. Indeed, for almost all the investigated
systems, the frequency shifts normalized by the overtone
number diﬀer significantly indicating that the Sauerbrey
relation is not valid and the nanogel is viscoelastic. We also
tried to analyze the QCM-D data by using the Voinova model37
where contribution of the viscoelasticity is taken into account
but here too the model seemed not to be appropriate and it
was not possible to obtain an estimation of thicknesses. Thus,
AFM characterization was performed in the liquid state in
order to check the thickness of the film but also its homogen-
eity. We analyzed a nanogel made of 20 Bis43-SH/Tetra52-Mal
bilayers. On Fig. 7A, the nanogel displays a homogenous struc-
ture all over the surface with an extremely smooth surface (Ra =
0.9 nm). In order to determine the film thickness we scratched
part of the film and its thickness was estimated to be around
70 nm (Fig. 7B and C).
Functionalization of the nanogel
Functionalization with BSA-SH. First of all, we used a well-
known and abundant model protein, bovine serum albumin
(BSA), to functionalize the nanogel. Alternation of BSA with
Tetra52-Mal was first tested in a step-by-step deposition
(Fig. S5A†). However, despite the presence of thiol groups on
BSA due to cysteine amino-acids, no build-up was observed. To
optimize BSA deposition, a chemical modification of the
protein was performed by grafting thiol moieties on the
protein (about 10 thiols were added per BSA), leading to the
modified BSA denoted as BSA-SH. A film build-up was
observed when BSA-SH was alternated with Tetra52-Mal
(Fig. S5B†).
We tested another configuration where we first deposited
two Bis43-SH/Tetra52-Mal bilayers and then BSA-SH solution
(Fig. 8A). A rapid decrease of the frequency of about 6 Hz was
monitored which indicates that BSA-SH adsorbed on the
surface. Moreover, no desorption of BSA-SH after rinsing step
was observed and the build-up process could be pursued
(Fig. 8A). Some thiol moieties from BSA probably reacted with
maleimide groups from the previously adsorbed Tetra52-Mal
chains to form a covalent bond on the surface and some
others were probably still available for reacting with the male-
imide groups of the next Tetra52-Mal deposited layer. This
demonstrates that a protein can be immobilized in the
nanogel in a well-defined position during the deposition
sequence.
FRAP (Fluorescence Recovery After Photobleaching) experi-
ments were performed with the same type of construction
where BSA-SHFITC was deposited in place of BSA-SH (Fig. 8B).
Fig. 8B shows that there was no mobility of the proteins in the
Fig. 6 Evolution of the normalized frequency Δfν/ν (for ν = 3) as a func-
tion of injection step for a Bis5-SH/Tetra52-Mal step-by-step build-up
on various substrates: gold coated with PEI or with PLL or with
SH-PEG-NH2 and then Mal-PEG-NHS; SiO2 coated with PEI and then
Mal-PEG-NHS; PDMS coated with PEI and then Mal-PEG-NHS.
Fig. 7 AFM images in liquid (water) of a nanogel made with of 20 step-
by-step depositions of Bis43-SH/Tetra52-Mal bilayers on a gold substrate
(A). Image (A) is 2.5 × 2.5 µm2. Image (B) corresponds to an area of the
sample that has been scratched with a plastic tweezer to remove part of
the nanogel from the gold substrate. Image (B) is 16.6 × 16.6 µm2
(z-scale is 220 nm). Plot in (C) corresponds to a proﬁle along the
x-direction of the image in (B) and from which the thickness of the
nanogel can be deduced.
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nanogel over a few minutes and thus confirms that the pro-
teins were covalently embedded within the film.
Functionalization with biotin as ligand for streptavidin. In
order to functionalize such films also with small molecules,
we embedded biotins in a Bis43-SH/Tetra52-Mal film at diﬀerent
steps of the build-up process and investigated their interaction
with a well-known partner of biotin, the protein streptavidin.38
Biotin with an arm composed of 2 ethylene oxydes ending
with a maleimide group was used (denoted as Biotin-EO2-SH).
A mixed solution of Tetra52-Mal and Biotin-EO2-Mal was de-
posited during step 2 or 4 of the build-up of a film containing
6 bilayers (i.e. (Bis43-SH/Tetra52-Mal)6). After the deposition of
this Biotin-EO2-Mal layer, further alternation of Bis43-SH and
Tetra52-Mal solutions led to the continuation of the film con-
struction (Fig. 9A). When these films were brought in contact
with streptavidin, a decrease of 6 Hz and 16 Hz in the fre-
quency was observed for films with biotin embedded in the
layer 2 and 4 respectively (Fig. 9B). When the biotins were de-
posited on top of a (Bis43-SH/Tetra52-Mal)6 film, injection of a
streptavidin solution resulted in a 20.5 Hz decrease. Moreover,
deposition kinetics of streptavidin was much faster when the
biotins were grafted on the outer layer compared to the case where
it was embedded in the film. Rinsing steps following streptavi-
din injection did almost not aﬀect the signal whatever the depo-
sition sequence. The Bis43-SH/Tetra52-Mal layers thus partially
shielded the penetration of streptavidin into such a nanogel. In
order to determine if biotin moieties could be totally shielded
from the streptavidin, we deposited the biotin moieties during
the build-up of the second Bis43-SH/Tetra52-Mal bilayer and
then embedded it under 12 Bis43-SH/Tetra52-Mal bilayers. In
this case the frequency change measured after contact with
streptavidin is very weak (about 1.5 Hz- Fig. 9B) and it corres-
ponds to a signal almost equivalent to that observed in absence
of biotin. Biotin was thus almost totally shielded.
We thus demonstrated that it is possible to embed a small
molecule at a precise localization in the film. Moreover once
cross-linked to the film through small spacers, this molecule
was able to interact with its specific partner, streptavidin. This
interaction was finely tunable by burying biotin under a
certain number of PEG layers.
Fig. 8 Evolution of the normalized frequency Δfν/ν (for ν = 3) as a func-
tion of time during injections of a Bis43-SH/Tetra52-Mal step-by-step
build-up with two layers of BSA-SH between two Tetra52-Mal layers (A).
Bis43-SH and Tetra52-Mal were introduced respectively at 20 and
8 mg mL−1 (10−2 and 8 × 10−4 M) and BSA-SH was used at a concen-
tration of 0.3 mg mL−1 (5 × 10−6 M). Insert shows a zoom in the signal
corresponding to BSA-SH deposition. (B) FRAP experiments performed
by confocal microscopy on the same type of ﬁlm than in (A) where
BSA-SH was replaced by BSA-SHFITC.
Fig. 9 Evolution of the normalized frequency Δfν/ν (for ν = 3) as a func-
tion of time during injections of a Bis43-SH/Tetra52-Mal step-by-step
with one layer composed of Tetra52-Mal and Biotin-EO2-Mal between
two Bis43-SH layers (A). Evolution of the normalized frequency Δfν/ν (for
ν = 3) as a function of time during streptavidin injection (0.3 mg mL−1)
(B). The surface was coated with a Bis43-SH/Tetra52-Mal ﬁlm that con-
tained Biotin-EO2-Mal at diﬀerent positions.
Paper Nanoscale
18388 | Nanoscale, 2017, 9, 18379–18391 This journal is © The Royal Society of Chemistry 2017
Pu
bl
ish
ed
 o
n 
10
 N
ov
em
be
r 2
01
7.
 D
ow
nl
oa
de
d 
by
 IN
IS
T 
- C
N
RS
 o
n 
1/
16
/2
02
0 
1:
12
:5
0 
PM
. 
View Article Online
Functionalization with an enzyme, β-Galactosidase. A last
functionalization protocol was tested by using an enzyme. The
aim was to test the activity of the enzyme β-Galactosidase once
embedded in our nanogels. β-Galactosidase was previously
modified with PEG arms (58 ethylene oxide monomers)
ending with maleimide moieties (denoted as β-Gal-EO58-Mal).
Then, this modified enzyme was deposited on 2 bilayers of
Bis43-SH/Tetra52-Mal film. A change in the frequency corres-
ponding to −9 Hz was monitored during β-Gal-EO58-Mal depo-
sition and the following rinsing step removed almost half of
the enzymes from the film (Fig. 10A). Then after a few
minutes, the signal remained stable for hours indicating that
the deposited enzymes were strongly anchored onto the film,
probably through covalent bonds. Activity of the enzymes in
the film was tested using FDG (fluorescein di(β-D-galactopyr-
anoside)) as substrate (Fig. 10C). A linear increase over time of
fluorescein production corresponding to the catalysis was
measured which indicates that β-Gal-EO58-Mal, cross-linked
onto the film, remained active.
In another experiment, we performed the same build-up
sequence but after enzyme deposition, a new Bis43-SH solution
was injected and a shift in frequency corresponding to a depo-
sition was monitored (Fig. 10B). The build-up was continued
by alternating Bis43-SH and Tetra52-Mal to finally obtain
2 bilayers on top of β-Gal-EO58-Mal. Activity of the buried
enzyme was monitored as depicted on Fig. 10C, however this
activity was about 3 times lower compared to the previous
experiment with β-Gal-Mal on top of the film. This reduction
in the activity of the shielded enzyme could be attributed to
the fact that the active site of some of the enzymes was buried
by subsequent deposited PEG chains or could be also related
to possible changes in the enzyme conformation induced by
covalent linkage with surroundings PEG chains.
Conclusions
This study described the step-by-step deposition between four-
arm functionalized and linear bi-functional poly(ethylene
glycol) (PEG) on gold through covalent interactions. The
nature of the first deposited layer is crucial for the build-up
and a linear build-up process can be obtained on gold when
starting with bifunctional thiol-PEG chains. Up to a minimal
polymer concentration, the growth is continuous and linear
and a homogenous and smooth film can be obtained. The
steric hindrance between the molecules plays a key role in the
build-up kinetics.
We also developed strategies to apply this nanogel film on
diﬀerent substrates like polymers. For this purpose, the first
anchoring layer has to be modified and then the following
layers can be deposited as for gold substrates.
Functionalization of the nanogel by depositing proteins, or
enzymes thanks to covalent bonds formation is possible and
for this later, a catalytic activity was monitored. Moreover
embedding small ligand molecules at diﬀerent stages during
the build-up process allows tuning the interaction with
incoming specific interacting species.
Finally this new coating based on covalent interactions of
PEG chains could be applied to functionalize all kind of
surfaces in a precise manner. In this way, antifouling and bio-
compatible surfaces could be easily designed or coating of
nanoparticles for biomedical applications like molecular
Fig. 10 (A) Evolution of the normalized frequency Δfν/ν (for ν = 3) as a
function of time during Bis43-SH/Tetra52-Mal build-up (20 and 8 mg mL
−1)
and modiﬁed enzyme β-Gal-EO58-Mal (0.3 mg mL−1) deposition.
(B) Two Bis43-SH/Tetra52-Mal layers were added on top of the enzyme
in another experiment. (C) Comparison of the catalytic activity of
β-Gal-EO58-Mal positioned as last layer or embedded in the nanogel.
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imaging could be envisioned.39,40 We also anticipate the use of
these films to design chemo and bio-mechano sensitive coat-
ings where mechano sensitive molecules or adhesion peptides
could be covalently embedded within nanogel films anchored
onto elastomeric materials and would be exhibited under
stretching of the materials.5,41
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